The elements of orbit are of less concern. A useful by product of the PN and EN observations is the table below, which is inferred largely from observations of smaller objects ' ' The type I, 11, and IIIA objects correspond to the conventional stony, carbonaceous, and cometary material, e..g., the 10 m daylight Earth-grazing object of 10 August 1972 is identified as a type II carbonaceous object. At 15 km/s, at 58 km it should produce a pressure of about 1 bar. That should not fragment a large carbonaceous object, although it may have, in that its ending luminous altitude was higher than its beginning luminous altitude.
very high altitudes. A significant number of them have been seen in the PN and EN observations. More than a third of the large objects in Table I are of type IIIB. The fractions of IIIA and I objects fall from about 35 and 15% at 0.1 m to 15 and 10% at 1 m and 5 and 1% at 10 m, which means stony and cometary objects are a minority at large sizes. Carbonaceous II objects are 30-45%, and IIIE3 increases from 20 to 60%. Thus, on the basis of this data, most objects larger than 1 m are expected to be stony or cometary.
The type IlTB objects are of very low density, easily ablated, and generally fragment at When the objects from Table I are displayed according to their observed altitude of maximum brightness and inferred strength, they fall into three groups: stony Pribram by itself; the carbonaceous PN40503 through the Earth-grazing object; and the soft cometary Wurzburg through PN4O401. Ideally, they should fall along a straight line; in practice they exhibit order of magnitude scatter. 13 Pribram is far to the right and above the line, which indicates either an order of magnitude less strength than inferred or two orders of magnitude less penetration of density. While PN39470, PN39434, Freisicg, and Otterskir are close to the line, PN40503 and Beneslov are well below it, indicating greater strength; and the Grand Prairie and Earth-grazing events are well above it, indicating less. In the cometary objects, PN40401 is the furthest from the curve, indicating less penetration ability than expected.
Russian analysis of PN and EN data. Russian scientists have been engaged in the interpretation of meteor impacts for much of this century. In the process they developed a number of theoretical models to predict the radiation efficiency of impacting objects. Noting that the radiation magnitudes for the large objects in Table I were much smaller than the Russian models would produce for objects of the sizes cited, they examined the possibility that the objects were actually much smaller and radiated more efficiently. From a list of about 70 large PN and EN objects, which they examined in some detail, they produced the list of 19 large, well diagnosed impacts in Table 111 , from which they were able to infer masses.14 photometrics and traditional meteor radiation efficiencies. On the basis of theoretical radiation efficiencies, the Russian effort led by Academician Nemtchinov was able to argue that its mass was on the order of 17-29 kg. This factor of two uncertainty depends on whether a heat of vaporization of 1-10 MJkg is used; the data do not unambiguously differentiate between them. These values were confirmed by the estimates of Kulakov (Mk) and Wetherill and ReVelle (MdR). The value due to Ceplecha (Mdc) is a confirmation of the PN photometric estimates. There is reasonable accord on the magnitude of the masses, although there are still factor of two uncertainties due to interpretation and uncertainties in physical parameters such as heat of vaporization and material strength. The maximum pressures show considerable scatter around the ideal values assigned to the various classes in Table I , indicating that there is considerable variation within each class.
For example, object PN38737 was assigned a mass of 140 kg on the basis of An important subset of Table I is the objects with Ceplecha grading MF ("multiple fragments") and/or "Our (Nemtchinov) grading Y" (Yes, fragmentation). The other observations have been shown by Nemtchinov to be well represented by a non-fragmentation ablation model of the type used in deriving the filter m0de1.I~ The fragmenting objects can be used to test the breakup model. Table IV provides a more recent tabulation of observations of fragmenting objects, together with an indication of the uncertainties in the theoretical reduction of the observations, which are factor of two overall.16 objects, along with their photometric mass (Mc) and radiation efficiency and theoretical mass (M). and radiation efficiency. Table VI provides additional information on radiated energy. It also shows that the theoretical masses are typically an order of magnitude smaller than photometric masses and that their radiation efficiencies are correspondingly an order of magnitude larger. Table VII collects the data on the six large PN objects, which are indicated as fragmenting in Table 111 , plus two of the largest EN objects from Table I . It gives the PN or EN designation, name, Ceplecha type categorization, initial velocity, radiation efficiency f, peak power, assumed density, altitude of maximum radiation, filter diameter, filter mass, Russian inferred mass, kinetic energy (based on inferred mass), duration of light pulse, (cosine of) angle of incidence with respect to the radiant, observed strength, and the approximate strength used in filter calculations.
Table VI provides the measured velocity and height of maximum radiation for the large Figure 1 shows the inferred radiation efficiency as a function of inferred object mass. For objects larger than about 100 kg, the radiation efficiency increases roughly in proportion to the mass. For smaller masses it is roughly constant at about 1%. Overall, the scaling is approximately f -0.01 for M -c 100 kg and -W10000 for larger M. Figure 2 shows the radiation efficiency as a function of inferred energy, which shows a break at about 100 GJ. For smaller energies f -1%; for larger energies f -E/lOOOO.
Filter analysis. The PN and EN observations give both velocity and peak power. Thus, it is possible to substitute the filter expression for the velocity into that for the power and solve the filter equations directly for the approximate object diameter17
Da (5Pmax94/3/fb2/3paVo3V03)1/2. The resulting object approximate mass, Ma = paDa3/2, is given in Table VII along with the mass Mi inferred by the Russian analyses in Tables IV-VI. Those masses are also shown graphically in Fig. 3 , in which the diagonal line would represent complete correlation between the analyses, Le., Ma = Mi, and the distance of the pairwise points from the diagonal represents the extent of their decorrelation. Four points lie close to the line: PN 30496A, 40590, and 40503 and EN 41274 (Sumava). They represent a range in mass from about 40 to 4,000 kg, two orders of magnitude spanning the most frequent fragmenting impactors. However, the model underestimates the masses of PN 39434, PN 40141A, PN 39470, and EN 70591 (Benesov) ; it is instructive to examine why that is so as well.
represent bolides 39406A and PN 40503, whose light curves show long exponential growth Figure 4 shows the experimental light curves for four of these objects. Panels c and b interrupted by the faster growth expected after fragmentation. For each, the intensity increases by an order of magnitude or more during this final spike, as predicted by models of the rapid increase in the radiating area of multi-fragment debris clouds. These two bolides exhibit essentially classical fragmentation. Not unexpectedly, they lie very close to the correlated diagonal in Fig. 2. of the entry of object PN 39406A using the PN measured velocity and Russian inferred mass, with which the filter agrees, performed with the numerical code developed in the derivation of the filter model." It shows that for the observed strength (ram pressure at peak altitude) of 25 bars, the object fragments at about 33.4 km and decelerates at about 32.5 km, which bracket the PN 39406A. Figure 5 shows the power versus altitude (P vs z) from a detailed calculation measured 33 km of peak radiation. The width of the peak is only one km. Its magnitude is about 1 GW/sr, which agrees with that of Fig. 4c . Figure 6 shows the power versus time from the detailed calculation, which indicates that the radiation pulse is about 0.06 s in duration, in good agreement with the 0.07 s estimated by the filter in Table VII. filter. It is a reasonably large and fast object, which for a nominal strength of 100 bar fragments at about 26 km and decelerates sharply at 25 km, in accordance with observations of its deep penetration and with the assumptions of the fragmentation portion of the filter model. The peak radiation is about 5 GW/sr in agreement with the observations. However, Fig. 4b shows two peaks in its radiation, which indicates the production of two or more large, distinct fragments.
Apparently, one fragments was slightly stronger, so that it penetrated about a km deeper. This level of detail in individual fragmentations is interesting, but it cannot be predicted ab initio on the basis of current data. However, the agreement on aggregate observables is again very close. PN 40151A. Figure 4a for bolide PN 40151A shows quite different behavior. Its growth is exponential throughout. There are a number of small peaks, but no large single peak. It does not appear to fragment; thus, it is not appropriate to use the fragmentation filter for it. It is not clear why this object was identified in Table ID as possibly fragmenting by the Russian and PN analyses. Not surprisingly, the point for this object lies well off the diagonal, as the absence of a strong radiation peak causes Eq. (1) to assign it a small approximate diameter and mass. inferred masses of 1.6 and 40 kg. The radiation efficiency used for the former is the 1 % from Fig. 1 . The filter mass fragments at about 36 km and decelerates at 35 km. The inferred mass decelerates more gently at about 34 km. The altitude difference between these two peaks would not be observable with the sensors used. The principal difference is that the inferred mass produces a peak radiation of 0.03 GW/sr, while the filter mass produces a maximum of about 0.003 GW/sr, which is much closer to the -0.002 GW/sr shown in Fig. 4a . Thus, it would appear PN 40503. Figure 7 shows P vs z for PN 40503, which also correlates closely with the Figure 8 shows P vs z from a detailed calculation of PN 40151A using the filter and that the filter gives a better match to the main radiation observable than does the inferred mass. Unfortunately, the Russian reports do not provide enough information for an evaluation of the reasons for the difference. PN 39470. Figure 4d for bolide PN 39470 also shows a smooth shape with no sharp peak in radiation, which indicates that it does not fragment. Thus, the fragmentation filter is not strictly appropriate. Moreover, Tables HI-VI show that Russian estimates of its mass have varied from 190 to 1,740 kg over the last two years, with the current range being 700-1250 kg, so it is not clear that the discrepancy shown is a deficiency of the fragmentation model. Figure 9 shows that the inferred parameters produce a radiation pulse extending over about 1 km with a peak of about 3 GW/sr, which is about a factor of three larger than the peak in Figure 4d . The filter curve shows the prediction for a 500 kg object of strength 75 bar, which fragments at about 3 1 km, decelerates at 30.5 km and radiates a peak of about 1 GW/sr, which is much closer to the observations. The numerical calculation's pulse length of -0.05 s is also in reasonable agreement with the filter's 0.08 s.
the curves in Fig. 9 radiate their energy in a km or less, whereas the curve in Fig. 4d appears to spread it over about 5 km. That indicates that the smooth curve may conceal considerable fragmentation at higher altitudes, although it is not possible to determine that from the light curve of Figure 4d , which is heavily smoothed.
PN 39434. Figure 10 shows the light curve, radius, velocity, and mass history for PN 39434, nominally a Mi = 500 kg object for which the filter gives Ma = 70 kg. The light curve shows several small peaks, but the final one is only a 50% increase. The radius also increases about 50% at 33-27 km where the velocity falls sharply, but the mass continues to fall smoothly, which indicates that there is no sharp fragmentation. It appears that pieces instead sluff off continually, which is consistent with the small oscillations seen in the intensity throughout. Tables 111-VI show that Russian estimates of the mass of PN 39434 have varied from 160 to 820 kg over the last two years, with the most recent range being 300-700 kg; thus, it is not clear how much of the discrepancy shown is due to the fragmentation model. Figure 11 shows the result of a detailed calculation of PN 39434 for the inferred and filter masses. The two curves peak within about a km of each other in altitude and the observed value. The inferred mass has a width on the order of a few kilometers; the filter mass has a width on the order of one kilometer. The curves have similar rise and fall times, but the inferred mass produces a much higher peak radiation and a 2-3-fold longer pulse, so its radiated energy is an order of magnitude greater than that from the filter mass. The -0.06 GW/sr peak from the filter mass is close to the observed 0.04 GW/sr. The inferred curve gives a value about 0.3/0.04 -7.5-fold too high. Thus, the filter mass again gives a better approximation to the observed values.
Thus, a mass of 500 kg appears to be in better agreement with the data. However, both of PN 40509. Figure 12 shows the intensity, velocity, radius and pressure from PN 40509, the Lost City bolide. While the pressure increases, the radius shows little increase, and the velocity decreases smoothly, so fragmentation is unclear from these plots. One sensors saw a peak radiation of -8 GW/sr at about 28 km; the other about 2 GW/sr at 32 km. There are small peaks in the intensity, but no indication of complete breakup. The inferred mass is about 100 kg; the filter mass is about 137 kg, which represents adequate correlation with each other and with the meteorites collected at the fall. Figure 13 shows P vs z from a detailed calculation of PN 40509. The peak is at roughly the right altitude, but the magnitude is about 0.1 GW/sr, which is about a factor 0. U0.007 - 14.3 larger than the 0.007 GW/sr from Fig. 12 . It would be necessary to reduce the mass an order of magnitude to reach that level. Thus, it would appear that the radiation efficiency of this object is reduced as well. A second discrepancy is that Fig. 12a shows significant radiation all the way from 50 down to -30 km, while the numerical prediction has a sharp onset at 33-35 km when the object breaks. This implies that the object fragments often and continuously all the way down, which would produce the repeated flashes seen at high altitudes. That phenomena is not incorporated in the approximate filter calculations. Overall, PN 40509 is an example of an object for which the inferred, filter, and calculated parameters show good agreement with each other but have significant quantitative and qualitative disagreements with the data.
EN 70591. Figure 4 shows the magnitude, velocity, radius, and mass of EN 70591, the Benesov bolide, which is the largest penetrating EN object for which enough information is available for a detailed assessment. The magnitude shows exponential growth to about 35 km, a peak, a decrease, a rise to a second peak at about 24 km, and then a sharp decrease. The radiometric radius inferred from these magnitudes also shows sharp increases at 35 and 24 km. The mass and velocity decrease smoothly throughout. The inferred total mass is about 2,500 kg; the filter mass for the lower object is about 170 kg. Figure 15 is from a detailed calculation of the second and lower fragmentation of EN 7059 1. The top curve for the inferred mass is about 8 GW/sr, which is about a factor of 6.7 larger than the observed value of 1.2 GW/sr. The lower curve for the filter mass peaks at about 4.5 GW/sr, which is a factor of two below it. The correct value for the lower fragment would appear to lie somewhere between the two and somewhat closer to the latter.
Benesov is actually somewhat more complicated than these curves would indicate. Figure  16 shows the shower of breakup fragments deduced by the Russian investigators from the EN 70591 record. It shows a total of eight large fragments that are produced in four major fragmentations at 38,34, 32, and 24 km. While the fragments at 24 km tend to remain together, those at higher altitudes have quite different trajectories, so detailed analyses would have to be made to determine the total light output.
It appears that the curve for a 170 kg fragment like the lower curve in Fig. could be replicated and translated to other altitudes to approximate the overall light output. That process is complex for Benesov, but can be executed for some other examples, as discussed below.
IIIl3 object that produced its light at about 62 km. It is encouraging that the filter model formulated for an calibrated on penetrating, fragmenting objects should reproduce the inferred value of its mass this closely, given the apparent number of large IIB objects. The light curve shows significant power and structure from about 1 to 2.5 s.
into the time domain. It is clear that roughly three such curves could match the peaks in the curve at 1.5,2.1, and 2.5 s. Because each curve contributes primarily at its peak, the contributions from curves for other peaks are small, so the decomposition essentially amounts to subtraction. For other objects with distinct peaks, decomposition could be performed similarly. The filter equations are accurate enough to do that subtraction. Because they explicitly contain the dependence of power on mass per object, it should be possible to determine the mass in each peak as well.
filter model and for comparing it to other models for inferring the masses of its observations. To do so, this note completes the discussion of the PN and EN data, extracts auxiliary quantities such as parametric radiation efficiency, uses the data to produce filter predictions, and compares those predictions with the data and with those of the Russian analytic effort. The overall agreement is generally quite good. That is useful in that the Russian efforts have employed more EN 41274. Figure 17 shows P vs t from EN 41274 Sumava, a very large and bright type
The curves overlaid on P vs t are essentially the component curves of Fig. 15, translated Summary and conclusions. The PN and EN data provide a useful basis for testing the complex models that use observational data directly to achieve agreement, while the filter model is at a level of simplification much better suited to data inversion.
The discussion uses criteria defined by the PN, EN, and Russian efforts to identify likely breakup candidates, which reduces the 60 candidates down to about 6 large PN and 2 large EN objects, for which comparisons are carried out in some detail-both at the level of analytic filter models and detailed numerical calculations.
The initial comparison showed four objects that correlated very well with the observations and the Russian mass inferences. Each of them represented a fairly convincing fragmentation and rapid deceleration following the theoretical models. Each of the four objects that disagreed did so for a different reason. The smallest mass was marginal for fragmentation, but when a detailed calculation of its radiation was performed, it appeared that the filter mass gave a much closer approximation to the observed light curve than the inferred mass. The data do not support a fuller resolution of this issue. The two -100 kg objects also recalculated to values much closer to the filter values.
The remaining discrepancy is the Benesov bolide, for which the inferred total mass is about 2,500 kg, and the filter mass for the lower object is about 170 kg. The filter mass gives a power about half that observed, which is much closer than that from the inferred mass. But the full explanation of the observations must take into account the numerous distinct fragments from the four separate fragmentations observed, which produced a total of about 8 large objects. If each had 12% of the total inferred mass, or -300 kg, the total light curve could be synthesized by the superposition of depositions at successively lower altitudes. That is difficult to perform with Benesov, but is apparently possible with Sumava, where there are only three fragments and they are well separated in time.
Russian inferences from it. A by product of those analyses is a test of the classifications EN and PN use for stony, carbonaceous, and cometary materials. EN and PN observations indicate that most objects larger than 1 m are expected to be stony or cometary, which is consistent with the values inferred from accurate reconstructions of trajectories. Trends in magnitude correlate reasonably well with measured velocities, altitudes, and trajectories and inferred size and strength parameters; however, parameters are subject to uncertainties of factors of two; masses to an order of magnitude, and the strengths to a like amount. Thus, while the European and Prairie Network observations provide a useful data base for large objects, these uncertainties directly effect the sensitivity of predictions of object parameters. That said, they provide a good test of the filter model and a useful basis for the comparison of it with other numerical analyses in which the overall agreement is more than adequate.
Overall, the filter produces results that are broadly consistent with the data and with a, e, q, Q, w , 0, i note photometric mass from initial size before entering the atmosphere maximum absolute (100 km distance) magnitude initial mass transformed to the same corrected scale as used in papers of Ceplecha (1988 Ceplecha ( . 1992 height at the maximum brightness height at the beginning and at the end of the luminous trajectory. respectively cosine of the zenith distance of the radiant initial velocity before entering the atmosphere velocity at the end of the luminous trajectory orbital elements (1950.0) GS ... grating spectra available Idt = 7.07 x lo6 given by Halliday (1985) PS ... prism spectrum available , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , I , , , , , ,, , , , , , , , , , , , , , , , 
